Recent reports demonstrate that somatic mouse cells can be directly converted to other mature cell types by using combined expression of defined factors. Here we show that the same strategy can be applied to human embryonic and postnatal fibroblasts. By overexpression of the transcription factors Ascl1, Brn2, and Myt1l, human fibroblasts were efficiently converted to functional neurons. We also demonstrate that the converted neurons can be directed toward distinct functional neurotransmitter phenotypes when the appropriate transcriptional cues are provided together with the three conversion factors. By combining expression of the three conversion factors with expression of two genes involved in dopamine neuron generation, Lmx1a and FoxA2, we could direct the phenotype of the converted cells toward dopaminergic neurons. Such subtypespecific induced neurons derived from human somatic cells could be valuable for disease modeling and cell replacement therapy. C ellular reprogramming, the process by which somatic cells can be converted into induced pluripotent stem (iPS) cells and subsequently differentiated to mature cells, including specific types of neurons, has opened up new possibilities for disease modeling and cellular repair (1-5). Recently, it was shown that somatic cells can also be directly converted to other mature cell types by expression of a specific combinations of genes (6-9). Expression of Ascl1, Brn2, and Myt1l efficiently converted mouse embryonic fibroblasts (MEFs) and postnatal fibroblasts into functional neurons (induced neurons, or iN cells) (10). Cells generated via direct conversion do not pass through a pluripotent state, are probably not tumorigenic, and may serve as an interesting alternative to iPS cells for generating patient-and/or disease-specific neurons.
C ellular reprogramming, the process by which somatic cells can be converted into induced pluripotent stem (iPS) cells and subsequently differentiated to mature cells, including specific types of neurons, has opened up new possibilities for disease modeling and cellular repair (1) (2) (3) (4) (5) . Recently, it was shown that somatic cells can also be directly converted to other mature cell types by expression of a specific combinations of genes (6) (7) (8) (9) . Expression of Ascl1, Brn2, and Myt1l efficiently converted mouse embryonic fibroblasts (MEFs) and postnatal fibroblasts into functional neurons (induced neurons, or iN cells) (10) . Cells generated via direct conversion do not pass through a pluripotent state, are probably not tumorigenic, and may serve as an interesting alternative to iPS cells for generating patient-and/or disease-specific neurons.
Here, we show the direct conversion of human fibroblasts into functional neurons using the same combination of neural conversion factors used for iN conversion of mouse fibroblasts (10) . We also demonstrate that the expression of additional transcription factors leads to the generation of cells with properties of dopaminergic neurons, which is the cell type lost in Parkinson's disease. Our findings provide proof of principle that specific subtypes of iN cells can be produced from human somatic cells by transcription factor-mediated fate instruction combined with the three neural conversion factors.
Results
To investigate whether direct conversion into neurons from human somatic cells is possible, we established fibroblast cultures from human embryos aged 5.5-7 wk postconception (for details see Table S1 ). The head, the dorsal part of the embryo containing the spinal cord, and all red organs were removed, and the remaining tissue was dissociated and plated under standard fibroblast conditions (Fig. 1A ). After one passage followed by a freeze-thaw cycle, the fibroblast identity and the absence of the neural crest marker SOX10 in the resulting cell lines were confirmed (Fig. 1B, Figs . S1 and S2, and Tables S2 and S3). The cells were then used for conversion by delivering lentiviral vectors coding for Ascl1, Brn2, and Myt1l, the three factors previously identified as efficiently converting MEFs to neurons (10) . Expression of the conversion factors in human embryonic fibroblasts (hEFs) was verified with quantitative RT-PCR (qRT-PCR) (Fig. S2 A-C) . In cultures transduced with conversion factors and subsequently grown in N3 neural induction medium (11) , cells with elongated neuron-like morphology became visible after 3-4 d (Fig. S2D) . By 12 d after transduction, many cells exhibiting characteristic neuronal morphology and expressing βIII-tubulin could be detected ( Fig. 2A) . In parallel control cultures containing hEFs not infected with conversion factors but otherwise treated identically, neurons were never observed ( Fig.  2A) . The morphology of the human-derived iN (hiN) cells matured over time, and the vast majority of them had an elaborate neuronal morphology by day 24 ( Fig. 2A) . The efficiency of hiN generation was determined by using fibroblasts (passage 2) from three different embryos. We found that the number of hiN cells increased with time in culture. By day 24, on average, 1,600 neurons per cm 2 were present, corresponding to a conversion efficiency of 16% ± 4.3% (Fig. 2B) . The capacity to form hiN cells decreased with one additional passage (from 9.0% to 4.53%, day 12) but then remained constant until passage 8 when the cells ceased to proliferate (Fig. 2C and Fig. S2 E and F) .
More than 95% of the converted neurons expressed the neuronspecific cytoskeletal protein MAP2, which is enriched in dendrites (Fig. 2D) . The great majority (≥90%) of the hiN cells also expressed synaptophysin, indicating the presence of synapses on the hiN cells (Fig. 2E) . At 23 d after conversion, patch-clamp recordings showed that the resting membrane potential was approximately −34 mV and that depolarizing current injection did not induce action potentials, suggesting immaturity of the cells. However, at 30-32 d after transduction, the average resting membrane potential was approximately −59 mV (range: −30 mV to −78 mV), and the cells now exhibited electrophysiological properties of functional neurons (Table S4) . Depolarizing current injection induced action potentials in ∼90% of recorded cells (Fig.  2F) . In voltage-clamp mode, step depolarization induced fastinactivating inward and outward currents characteristic of sodium and delayed-rectifier potassium currents, respectively (Fig. 2G) . Action potentials and inward sodium currents were blocked by TTX (Fig. 2 F and G, Right) . Biocytin labeling confirmed the neuronal morphology of recorded cells (Fig. S2H) .
The expression of the three transgenes used for iN conversion was regulated by doxycycline, which must be supplied in the media throughout the culture period to maintain transgene expression ( Fig. S2 A-C) . To test whether continuous expression of the conversion factors is necessary for efficient hiN generation, we removed doxycycline at day 0 (i.e., never activated the transgenes), day 3, or day 7 after transduction. Doxycycline removal at day 0 resulted in only sporadic hiN formation, most likely because of nonspecific leakage of transgene expression, whereas withdrawal at day 3 or day 7 did not significantly change the number of neurons formed, the process length, or the number of projections (Fig. 3 A and B) . These data suggest that conversion of fibroblasts into neurons using Ascl1, Brn2, and Myt1l only requires a pulse of transgene expression during the initiation of the conversion phase, after which the hiN cells mature into neurons without exogenous gene expression.
To determine the contribution of each conversion factor to the generation of hiN cells, we performed conversions using each of the three factors individually or pairwise. Although Ascl1 alone was sufficient to induce a neuron-like phenotype, including expression of MAP2 and βIII-tubulin without significant reduction in conversion efficiency, neither Brn2a nor Myt1l alone resulted in the formation of a substantial number of hiN cells (Fig. 3 C and  D) . However, the Ascl1-alone cells had a markedly different morphology with shorter processes than those observed for the cells converted with the three factors Ascl1, Brn2, and Myt1l (Fig.  3C) . When combining the factors into pairs, we found that Ascl1 + Brn2 and Myt1l + Brn2 produced mature-looking neurons, whereas Ascl1 + Mytl1 resulted in cells with less pronounced neuronal morphology (Fig. 3C) . Thus, based on number of cells and morphological criteria, Ascl1 + Brn2 may be as efficient as Ascl1, Brn2, and Myt1l in generating hiN cells. However, electrophysiological recordings showed that cells converted with Ascl1 + Brn2, in contrast to the cells converted with Ascl1, Brn2, and Myt1l, did not exhibit the electrophysiological properties of mature neurons (resting membrane potentials between −20 mV and −75 mV; input resistances between 50 MΩ and 2 GΩ; n = 12) and thus are not converted neurons. These findings demonstrate that all three factors contribute to the conversion of human fibroblasts into functional neurons.
To exclude the possibility that contaminating neural progenitors, glia, or neural crest cells served as the cellular origin of the iN cells, we performed extensive immunocytochemical characterization and PCR analysis of the starting fibroblast cultures as well as fibroblasts cultured in N3 medium and doxycycline for 6 and 12 d. With the exception of very few neural crest cells detected in lowpassage hEF cultures (<0.1% at passage 2), none of the other markers could be detected (Figs. S2G and S3 A-H and Tables S2  and S3 ). To completely rule out the possibility that hiN cells are neural crest derivatives, we next used a commercially available, long-term expanded human fetal lung fibroblast cell line (HFL1) (12) , which is a homogenous fibroblast cell line, as a starting material for conversion. Using immunohistochemistry and qRT-PCR, we confirmed that this cell line was composed purely of mesodermal fibroblasts and was completely absent of neural progenitors, glia, or neural crest cells (Figs. S2G and S3 A-H and Tables S2 and S3) . Similar to what was observed with hEFs, we could detect cells with a neuronal-like morphology a few days after transduction with the three conversion factors. The hiN cells derived from fetal lung fibroblasts stained positive for βIII-tubulin and MAP2 (Fig. 4A ) and were converted with efficiencies comparable to hEFs: 8.0% ± 4.45% at day 12 (n = 5) and 12.3% ± 5.9% at day 20 (n = 4). Whole-cell patch-clamp recordings confirmed that HFL1-derived hiN cells exhibited properties of functional neurons (Fig. 4 B and C and Table S4 ). Resting membrane potential was approximately −62 mV, and TTX-sensitive action potentials were induced by depolarizing current in ∼80% of recorded cells (Fig. 4B) . Depolarizing voltage steps induced in- ward currents (blocked by TTX) and outward currents. Several cells exhibited trains of action potentials in response to depolarizing current injection (Fig. 4C) . Together, our data demonstrate that the hiN cells are derived from fibroblasts and provide evidence against the possibility that they originated from neural crest or other contaminating cell populations.
We next explored whether postnatal human fibroblasts could be directly converted to neurons. We used human foreskin fibroblasts (hFFs), a readily available postnatal source of cells that can be sufficiently expanded and is already used in clinical applications (13) . The homogenous fibroblastic properties and absence of neural progenitors, neural crest cells, and glia was confirmed for hFFs (Figs. S1, S2G, and S3 and Tables S2 and S3 ). Similar to embryonic fibroblasts, the postnatal fibroblasts transduced with Ascl1, Brn2, and Myt1l gave rise to cells with a neuron-like morphology. When analyzed after 12 and 20 d, converted cells expressed MAP2 and βIII-tubulin with clear neuronal morphology (Fig. 5A ). The conversion efficiency was slightly lower when using postnatal fibroblasts compared with embryonic cells as starting material: 4.3% ± 1.1% at day 12 (n = 3). Whole-cell patch-clamp recordings demonstrated that, 30 d after conversion, hFF-derived iN cells had a resting membrane potential of approximately −41 mV and exhibited electrophysiological properties characteristic of neurons (Table S4) . Cells fired mature action potentials in response to depolarizing current injection, and depolarizing voltage steps induced large inward currents and outward currents (Fig.  5B) . At 36 d after transduction, several cells exhibited TTXsensitive trains of action potentials, indicating that the neurons matured over time (Fig. 5C) .
When investigating the neurotransmitter phenotype of the converted neurons, we found that, similar to what has been reported for mouse iN cells (10), neurons of both excitatory glutamatergic and inhibitory GABAergic phenotypes were present in the cultures (Fig. 6 A and B) . Also in agreement with the mouse iN cell phenotype, we could not detect any significant number of cholinergic, serotonergic, or dopaminergic neurons when screened for using immunocytochemistry for choline acetyltransferase, 5-hydroxytryptamine, and tyrosine hydroxylase (TH), respectively.
We next explored the possibility of directing the hiN cells into a specific neuronal subtype. We chose dopaminergic neurons, which would be of great interest from a clinical perspective because of their role in motor function and involvement in the pathogenesis of Parkinson's disease. To test whether expression of key transcription factors expressed during dopamine neuron development is sufficient to direct the hiN cells into a dopaminergic phenotype, we selected 10 genes involved in midbrain patterning and specification of dopamine neurons (En1, Foxa2, Gli1, Lmx1a, Lmx1b, Msx1, Nurr1, Otx2, Pax2, and Pax5) (14-21) and cloned them into lentiviral vectors. A pool of lentiviruses, LentiDA, containing all 10 genes was subsequently produced and validated (Fig. S4) . We then performed the three-factor conversion of hEFs in combination with LentiDA and screened for the appearance of dopaminergic neurons after 12, 20, and 24 d. We found that a small, but reproducible, proportion of the hiN cells converted in the presence of LentiDA started to express TH 24 d after conversion (<1% of hiN cells) (Fig. 6 C and  F) . This finding provided proof of principle that formation of iN cells with specific neuronal subtypes can be achieved by transcription factor-mediated fate instruction combined with the three conversion factors.
We next set out to determine the minimal requirement for dopaminergic neuron fate specification. We found that when only Lmx1a and FoxA2 were expressed together with the three conversion factors, TH-expressing cells with typical morphology of cultured dopaminergic neurons could be detected from converted hEFs in much higher numbers (Fig. 6 D and F) . Using HFL1 cells as starting material, conversion combined with expression of Lmx1a and FoxA2 gave rise to an even higher number of THexpressing neurons (Fig. 6 E and F) . The addition of Lmx1a and FoxA2 did not affect the conversion rate (Fig. S4C) nor did FoxA2 and Lmx1a induce neuron-like cells in the absence of the Fig. 3. Requirements for hiN conversion. (A and  B) Removal of doxycycline at day 7 resulted in neurons expressing βIII (green) being formed with same efficiency and without affecting the morphological complexity of the resulting hiN cells (n = 37 for d3, n = 68 for d7, n = 91 for d0). three conversion factors (Fig. S4C) . The TH-expressing cells obtained from hEFs and HFL1 coexpressed βIII-tubulin (Fig. 6 D and E) but not the peripheral neuron marker peripherin (Fig.  6G) . Aromatic L-amino acid decarboxylase (AADC), the second enzyme in dopamine synthesis and coexpression of Nurr1, an orphan nuclear receptor expressed by midbrain dopaminergic neurons, could also be detected in the TH-expressing cells (Fig. 6  H and I) .
We found no TH neurons when hiN cells were generated with FoxA2 alone, whereas conversion in the presence of Lmx1a resulted in hiN cells expressing TH (Fig. 6J) . However, none of the TH-expressing cells formed in the presence of Lmx1a alone coexpressed AADC (Fig. 6K) . Whole-cell patch-clamp recordings demonstrated that hEF-and HFL1-derived iN cells converted in the presence of Lmx1a and FoxA2 were functional neurons (Table  S5) . At 28 d after conversion, action potentials could be induced by depolarizing current or occurred spontaneously (Fig. 6K) . In current-clamp mode, a proportion of hEF-derived iN cells exhibited spontaneous action potentials, including pacemaker-like action potentials that were gradually blocked by adding TTX to the bath solution and rebound depolarizations resulting in action potentials after brief membrane hyperpolarizations (Fig. 6 L and M) . Both spontaneous action potentials and rebound action potentials are characteristics compatible with midbrain dopamine neurons in vitro (22) . Together, these data show that hiN cells generated from human fibroblasts via direct conversion can be further patterned into specific neuronal subtypes, exemplified here by the emergence of dopaminergic neurons after the addition of Lmx1a and FoxA2 during the conversion process.
Discussion
Our finding that human somatic cells, i.e., embryonic and postnatal fibroblasts, can be directly converted by using defined factors to functional neurons of a specific subtype is an important step toward developing iN cells for models of neurological disorders and brain repair.
A major concern when using primary fibroblasts for conversion is that contaminating neural progenitors, glia, or neural crest cells could be present in the starting material and selectively expanded when the embryonic fibroblasts are cultured in neural induction media and that these cells then serve as the cellular origin of iN cells (23) . To exclude this possibility, we first confirmed that our hEF cultures were indeed composed of only collagen-producing cells. We also carefully screened the cultures with a panel of antibodies against neural progenitors, glia, and neural crest cells. After the first passage, a very small fraction of cells expressing p75 and/or Sox10 could be detected, suggesting a small contaminating neural crest population. Given the extremely low proportion of neural crest cells in low-passage hEFs and the observation that multipassaged hEFs, which do not contain any neural crest contaminants, also efficiently converted into functional neurons, it is unlikely that the hiN cells are derived from neural crest cells. Subsequent conversions using HFL1 and hFFs, two commercially available human fibroblast cell lines that do not contain any contaminating cells, confirmed that the hiN cells were in fact derived from fibroblasts.
By expressing dopamine fate determinants during the conversion, we could demonstrate that additional fate specification of iN cells is possible. The proportion of hiN cells that developed into dopaminergic neurons when converted in the presence of Lmx1a and FoxA2 was ∼10%. Given that each cell needs to receive six viruses (A, B, M, Fuw, Lmx1a, and FoxA2) to differentiate into a dopamine neuron, this proportion is realistic and suggests that better delivery systems need to be developed in the future for more efficient conversion into dopamine neurons. Moreover, it will be interesting to explore the range of neuronal subtypes that can be formed via direct conversion by using combinations of other fate-determining genes or possibly by delivery of extrinsic factors.
An ultimate goal will be to use the hiN technology for disease modeling and cell therapy. As with iPS cells, iN cells circumvent the ethical concerns related to embryonic stem cell derivation and potential issues of allogenic rejection. In theory, the avoidance of reprogramming via a pluripotent state should reduce the risk of tumor formation after intracerebral grafting that is associated with the use of embryonic stem cells and iPS cells (24) ; thus, hiN cells may provide safer cells for transplantation in future applications. However, because the direct conversion does not go via a proliferative cell type, the number of neurons that can be obtained is limited by the accessible number of fibroblasts used as starting material for conversion. When using embryonic fibroblasts, this does not pose a serious limitation but could be limiting if generating patient-specific cells for disease modeling or autologous cell therapy.
Future studies should aim to increase the efficiency of hiN formation and the rate of dopaminergic neuron generation as well as to evaluate the converted dopaminergic neurons' ability to survive long term, reinnervate the denervated striatum, and ameliorate behavioral deficits after transplantation in rodent models of Parkinson's disease. Before clinical application of hiN cells can be considered, it will be critical to determine the optimal starting cell that can be obtained in sufficient numbers, to develop viral-and integration-free conversion systems, and to confirm the functionality and safety of hiN cells in vivo. 
Methods
Tissue Sources and Cell Preparations. Fibroblasts were isolated from legally aborted fetuses aged 5.5-7 wk postconception, with approval of the Swedish National Board of Health and Welfare and the Lund/Malmö Ethics Committee (see Table S1 for details). Great care was taken to remove the head, vertebral column, dorsal root ganglia, and all inner organs to discard cells with a neurogenic potential. The remaining tissue was manually dissociated in 0.25% trypsin (Sigma), incubated at 37°C to make a single-cell suspension, and then plated in T75 bottles. Cells were grown at 37°C in 5% CO 2 in MEF medium, DMEM (Gibco) with 100 mg/mL penicillin/streptomycin (Sigma), 2 nM L-glutamine (Sigma), and 10% FBS (Biosera) until confluent. The cells were then dissociated with 0.25% trypsin, spun, and frozen in 50/50 DMEM/ FBS with 10% DMSO (Sigma).
HFL1 (ATCC-CCL-153) and hFF (ATCC-CRL-2429) cells were obtained from the American Type Culture Collection, expanded in hEF medium until confluent, and then frozen.
For neuronal conversion, fibroblasts were plated in MEF medium at a density of 10,000 cells per cm 2 in tissue culture plates (Nunc) coated with 0.1% gelatin. Neuronal conversion was performed as previously described (10) with N3 medium, which is composed of DMEM/F12, 25 g/mL insulin, 50 g/mL transferrin, 30 nM sodium selenite, 20 nM progesterone (Sigma), 100 nM putrescine (Sigma), and penicillin/streptomycin.
Viral Vectors. Doxycycline-regulated lentiviral vectors expressing mouse cDNAs for Ascl1, Brn2, and Myt1l have been described elsewhere (10) . The doxycycline-regulated system includes a separate lentiviral vector expressing a Tet-On transactivator (FUW.rtTA-SM2; Addgene) that was always cotransduced in the conversion experiments. Lentiviral vectors expressing mouse ORFs for En1, Foxa2, Gli1, Lmx1a, Lmx1b, Msx1, Nurr1, Otx2, Pax2, and Pax5 were generated by replacing GFP in a thirdgeneration lentiviral vector containing a nonregulated, ubiquitous phosphoglycerate kinase promoter with the various ORFs (25) . Plasmids containing the different cDNAs were purchased from Genecopoeia and subsequently verified by sequencing. Third-generation lentiviral vectors were produced as previously described (26) and titrated by quantitative PCR analysis (27) . The titers of the vectors used in this study were in the range of 5 × 10 8 to 2 × 10 9 transducing units per mL. A multiplicity of infection of 2-3 was used for hEF and HFL1 cells.
Immunocytochemistry. Cells were fixed in 4% paraformaldehyde and preincubated for 30-60 min in blocking solution (5% normal serum and 0.25% Triton-X in 0.1 M potassium-buffered PBS). The primary antibodies (Table S6) were diluted in the blocking solution and applied overnight at 4°C. Fluorophore-conjugated secondary antibodies (Molecular Probes or Jackson Laboratories) were diluted in blocking solution and applied for 2 h followed by three rinses in potassium PBS.
Quantifications and Efficiency Calculation. Efficiency determination. The total number of βIII-positive/MAP2-positive cells with a neuronal morphology and absence of fibroblast-like morphology were counted in 36 randomly selected 20× visual fields. This sampling was repeated three times, and the average number was used to calculate the mean number of positive cells per visual field. From this value, the total number of neurons per dish was estimated and, by following the method used by Vierbuchen et al. (10) , the conversion efficiency was determined by dividing the number of neurons formed by the number of fibroblasts plated before infection. TH quantifications. The total number of neurons per well was determined as described above. The total number of TH-expressing neurons per well was determined in the same manner or, when the number of TH neurons was low (<100), also by counting all of the TH-positive cells in the well. Quantification of process length and number. Digital images were obtained with a Leica microscope and analyzed with Canvas IX. Total process length was determined by tracing each individual neuron, and the number of end processes was counted manually for the same cells.
Quantitative RT-PCR (qRT-PCR). Total RNA was isolated by using the RNeasy Micro Kit (Qiagen) according to the supplier's recommendations. For each sample, 1-4 mg of RNA was used for reverse transcription performed with random primers and SuperScriptIII (Invitrogen). SYBR green quantitative realtime PCR was performed with LightCycler 480 SYBR Green I Master (Roche) in a two-step cycling protocol. Data were quantified by using the ΔΔC T method and averaged upon normalization to GAPDH and β-actin expression. The specificity was confirmed by analyzing the dissociation curve and by validation in human embryonic tissue. Primer sequences are shown in Table S7 .
Electrophysiology. Cells with neuronal morphology (round cell body and processes resembling neurites) were selected for whole-cell patch-clamp recordings at the indicated time points. Cells plated on coverslips were placed in a submerged recording chamber and constantly perfused with gassed bath solution (95% O 2 /5% CO 2 , pH 7.2-7.4, 295-300 mOsm, 32-34°C) containing 119 mM NaCl, 2.5 mM KCl, 1.3 mM MgSO 4 , 2.5 mM CaCl 2 , 26 mM NaHCO 3 , 1.25 mM NaH 2 PO 4 , and 25 mM glucose. Cells for recording were visualized under infrared light with differential interference contrast using an Olympus upright microscope equipped with a digital camera and a 40× water-immersion lens.
Recording pipettes were filled with solution (pH 7.2-7.4, 295-300 mOsm) containing 122.5 mM potassium gluconate, 12.5 mM KCl, 10.0 mM KOH-Hepes, 0.2 mM KOH-EGTA, 2.0 mM MgATP, 0.3 mM Na 3 -GTP, and 8.0 mM NaCl, resulting in pipette resistances of 3-4 Ω. Biocytin (0.5%; Sigma-Aldrich) was freshly dissolved in the pipette solution before recordings for post hoc identification of recorded cells. Resting membrane potential was estimated in current-clamp mode immediately after breaking the membrane and establishing whole-cell configuration. For measurements of action potentials and voltage responses, cells were current-clamped between −55 mV and −85 mV (depending on resting membrane potential), and 500-ms hyperpolarizing and depolarizing current steps were delivered in 10-pA increments through the whole-cell pipette. Spontaneous action potentials were measured in currentclamp mode (0 pA), and rebound action potentials were induced by brief injections of hyperpolarizing current (−20 pA). For measurements of whole-cell currents, cells were voltage-clamped between −60 mV and −70 mV, and 200-ms voltage steps were delivered in 10-mV increments. Voltage-gated sodium channels were blocked with 1 μM TTX (Tocris). Data were filtered at 2.9 kHz and sampled at 10 kHz with an EPC9 patch-clamp amplifier (HEKA Elektronik). Capacitance was compensated. Input resistance was measured at a holding potential of −60 mV by delivering −5-mV test pulses. Action potential amplitude was measured from the threshold to the peak voltage deflection, whereas half-width was measured as the duration of the action potential at half maximum amplitude. After-hyperpolarization amplitude was measured as the difference between the resting membrane potential and the maximum hyperpolarization after the action potential, whereas duration was measured as the time between the start and end of the hyperpolarization.
